Abstract. The purpose of this study was to refine our knowledge of the natural host relationships of Whitewater Arroyo (WWA) virus. Two hundred eight rodents, representing nine species, were captured in July 1999 on the Chaparral Wildlife Management Area in southern Texas and tested for evidence of arenavirus infection. Antibody to an arenavirus was found in seven (21.9%) of 32 southern plains woodrats (Neotoma micropus) and none of 168 other rodents. Infectious WWA virus was isolated from four antibody-positive southern plains woodrats, one of 25 antibodynegative southern plains woodrats, and none of 176 other rodents. Collectively, the results indicate that the southern plains woodrat is a principal host of WWA virus in southern Texas. Analyses of viral gene sequence data revealed substantial genetic diversity among WWA virus strains isolated from the woodrats, suggesting that multiple variants of the virus can coexist in a single woodrat species in a small geographic area.
INTRODUCTION
Six arenaviruses are known to cause severe disease in humans. Lymphocytic choriomeningitis (LCM) virus is an agent of acute central nervous system disease and congenital malformations.
1,2 Lassa, Junin, Machupo, Guanarito, and Sabiá viruses are agents of hemorrhagic fever in western Africa, Argentina, Bolivia, Venezuela, and Brazil, respectively. 3 Specific rodents (usually one or two closely related species) are the principal hosts of the arenaviruses for which natural host relationships have been well characterized. 4 Knowledge of the natural host relationships of an arenavirus is essential to the accurate understanding of the epidemiology of human disease caused by that virus.
Whitewater Arroyo (WWA) virus is a newly discovered arenavirus that is geographically widely distributed in the western United States. 5 The first strains of the virus were isolated from white-throated woodrats (Neotoma albigula) captured in northwestern New Mexico. 6 Direct knowledge of the natural host relationships of WWA virus was previously based on isolation of the virus from 11 of 425 woodrats in studies in which woodrats were the only animals tested for infectious arenavirus. 5, 6 Conceivably, the infections in the virus-positive woodrats could have been the result of contact with rodents other than woodrats. The purpose of the present study was to assess whether woodrats are the principal hosts of WWA virus.
MATERIALS AND METHODS

Safety.
All laboratory work with rodent tissues and infectious arenavirus was done inside a Type II biosafety cabinet in a biosafety level 3 laboratory.
Study area. The 33 southern plains woodrats and 175 other rodents included in the present work were captured in July 1999 on the Chaparral Wildlife Management Area in Dimmit and La Salle counties in Texas. The Area was selected because the results of a previous study indicated that two of the woodrats were infected with WWA virus. 5 The Chaparral Wildlife Management Area is a wildlife research and management facility that is owned and operated by Texas Parks and Wildlife Department. It comprises 15,200 acres of brush country in southern Texas and is representative of the Rio Grande Plains Ecological Area. The dominant vegetation includes mesquite (Prosopsis glandulosa), blackbrush (Acacia rigidula), whitebrush (Aloysia gratissima), guayacan (Guaiacan angustifolium), prickly pear (Opuntia species), and a number of different grasses and weeds. Brush densities vary considerably throughout the area and vegetation periodically is controlled by cattle grazing, mechanical treatment, and prescribed burns. The mammalian fauna includes coyote (Canis latrans), bobcat (Lynx rufus), mountain lion (Felis concolor), American badger (Taxidea taxus), common raccoon (Procyon lotor), white-tailed deer (Odocoileus virginianus), collared peccary (Tayassu tajacu), eastern cottontail (Sylvilagus floridana), black-tailed jackrabbit (Lepus californicus), striped skunk (Mephitis mephitis), desert shrew (Notiosorex crawfordi), at least nine rodent species (Table 1) , and domestic cattle and feral hogs.
Collection and processing of rodents. The rodents were captured in live traps (model LFATDG; H. B. Sherman Traps, Inc., Tallahassee, FL) baited with rolled oats and birdseed. A total of 2,850 traps were set at 26 sites ( Figure 1 ) in the period July 16-19, 1999. Fifty traps were set on each of three consecutive nights at site 12, 350 traps were set on one night at site 11, and 50 or 100 traps were set on one night at each of the 24 other sites. The traps at each site were placed in a straight line at five-meter intervals, set one hour prior to sunset, and checked at daylight the following morning. Each animal was assigned a unique number that was used to identify tissues (blood, heart, kidney, liver, lung, muscle, and spleen) and other voucher materials. The skins and skeletons were prepared as museum study specimens, and all materials were deposited in the Museum of Texas Tech University.
Animal use protocol. The animals included in this study were collected by Robert D. Bradley and members of the 1999 Field Methods Class, Texas Tech University, under Texas Tech University Animal Care and Use Protocol #99827X.
Antibody assay. Blood samples from 200 rodents were tested for antibody against WWA virus using an enzymelinked immunosorbent assay previously described. 7 The test antigen was a lysate of Vero E6 cells infected with the WWA virus prototype strain AV 9310135. The control (comparison) antigen was a lysate of uninfected Vero E6 cells. Serial fourfold dilutions (from 1:80 through 1:5,120) of each blood sample were tested against the test and control antigens. Antibody bound to antigen was detected by using a mixture of goat anti-rat IgG peroxidase conjugate and goat antiPeromyscus leucopus IgG peroxidase conjugate in conjunction with the 2,2Ј-azino-di-(3-ethyl-benzthiozoline-6-sulfonic acid) (ABTS) Microwell Peroxidase Substrate System (Kirkegaard and Perry Laboratories, Gaithersburg, MD). The results of a preliminary study on naturally and experimentally infected rodents indicated that the combination of peroxidase conjugates provided a sensitive method for detection of woodrat, hispid pocket mouse, white-footed mouse, fulvous harvest mouse, and hispid cotton rat IgG bound to the test antigen. Optical densities (ODs) at 405 nm (reference ‫ס‬ 490 nm) were measured with a Dynatech MRX II microplate reader (Dynatech Industries, Inc., McLean, VA). The adjusted OD (OD adjusted ) of a blood-antigen reaction was the OD of the well coated with the test antigen minus the OD of the corresponding well coated with the control (comparison) antigen. A blood sample was considered antibody-positive if the OD adjusted at 1:80 and 1:320 both were Ն 0.250 and the sum of the OD adjusted for the series of fourfold dilutions (from 1:80 through 1:5,120) was Ն 0.750. The criteria for antibody positivity were based on the results of a previous study on blood samples from uninfected woodrats and woodrats experimentally infected with the WWA virus prototype strain AV 9310135. 8 The antibody titer of a positive sample was the reciprocal of the highest dilution of that sample for which the OD adjusted was Ն 0.250.
Virus assay. Spleens or kidneys from 208 rodents were tested for infectious arenavirus as previously described. 5 Briefly, 0.2 ml of a 10% (w/v) crude tissue homogenate was inoculated onto a confluent monolayer of Vero E6 cells in a 12.5-cm 2 plastic culture flask (Corning, Inc., Corning, NY). The monolayer then was maintained at 37°C under a fluid overlay, half of the culture medium was replaced with fresh maintenance medium on the sixth or seventh day after inoculation, and cells were scraped from the monolayer on the 13th day after inoculation and coated onto 12-well glass microscope slides (Cel-Line Associates, Inc., Newfield, NJ). The cell "spots" were air-dried, fixed in cold acetone, and then tested for arenaviral antigen, using an indirect fluorescent antibody test previously described. 5 In that test, the cell spots were stained with a hyperimmune mouse ascitic fluid prepared against the WWA virus prototype strain AV 9310135, and mouse antibody bound to cell-associated arenaviral antigen was detected by using a goat anti-mouse IgG fluorescein isothiocyanate conjugate (Kirkegaard and Perry Laboratories).
Characterization of viral isolates. The nucleotide sequence of a 518-nucleotide fragment of the 5Ј half of the nucleocapsid protein (NP) gene of five isolates (one isolate from each virus-positive woodrat) was determined. Total RNA was extracted from infected Vero E6 cells, using TRIzol Reagent (Life Technologies, Inc., Grand Island, NY). The passage histories of the virus stocks that were used to infect the Vero E6 cell monolayers were Vero E6+1 or Vero E6+2. Reverse transcription (RT) and polymerase chain reaction (PCR) amplification of the NP gene fragment were done by using the Access RT-PCR Kit (Promega Corp., Madison, WI) in conjunction with oligonucleotides AVNP1 and AVNP2. 5 The PCR products of the expected size (i.e., 563 base pairs) were purified from agarose gel slices and both strands of each purified PCR product were sequenced directly using the dye termination cycle sequencing technique (Applied Biosystems, Inc., Foster City, CA) in conjunction with the same oligonucleotides that were used to prime the RT-PCR assay, i.e., AVNP1 and AVNP2.
Nucleotide sequences. The nucleotide sequences of WWA virus strains AV A0400098, AV A0400135, and AV A0400140 were deposited in the GenBank nucleotide sequence database under Accession Nos. AY059624, AY059625, and AY059626, respectively.
Data analysis. The GenBank database sequences included in the analyses of the molecular sequence data were Accession Nos. U52180 (WWA virus prototype strain AV 9310135), AY012717, AY012720, AY012710, AY012711, AY012713, and AY012718 (WWA virus strains AV 96010151, AV 96010025, AV 96010024, AV 98490013, AV A0400174, and A0400212, respectively), U43690 (TAM virus strain W-10777), K02734 (Pichindé virus strain An 3739), U43689 (Parana virus strain 12056), U43687 (Flexal virus strain BeAn-293022), U62561 (Pirital virus strain VAV-488), U43688 (Latino virus strain 10924), U34248 (Oliveros virus strain 3229-1), U70802 (Junin virus strain XJ), X62616 (Machupo virus strain AA288-77), U43686 (Guanarito virus strain INH-95551), U41071 (Sabiá virus strain SPH 114202), U43685 (Amapari virus strain BeAn-70563), M20304 (Tacaribe virus strain TRVL 11573), M20869 (LCM virus strain Armstrong), and U80004 (Lassa virus strain LP). As previously mentioned, the WWA virus prototype strain AV 9310135 was isolated from a white-throated woodrat captured in northwestern New Mexico. 6 The WWA virus strains AV 96010151, AV 96010025 and AV 96010024; AV 98490013; and AV A0400174 and AV A0400212 were from a Mexican woodrat (Neotoma mexicana) captured in central New Mexico, a bushy-tailed woodrat (Neotoma cinerea) and a Mexican woodrat from southern Utah; a white-throated woodrat from western Oklahoma; and southern plains woodrats captured in southern Texas (Chaparral Wildlife Management Area), respectively. 5 The predicted amino acid sequences were aligned using the computer program CLUSTAL W1.7. 9 The multiple nucleotide sequence alignment was generated manually based on the results of the amino acid sequence alignment. Neighbor-joining and maximum parsimony phylogenetic analyses were done by using programs in the computer software package PAUP*, version 4.0 beta 4a. 10 Genetic distances were calculated by using the Kimura two-parameter genetic distance model. 11 Bootstrap support for the results of the neighbor-joining analysis was based on 1,000 pseudoreplicate data sets generated from the original multiple nucleotide sequence alignment. 12 In the maximum parsimony analysis, the analysis was restricted to informative characters, all characters were weighted equally, and nodal support was estimated by bootstrap analysis.
RESULTS
Two hundred eight rodents, representing three species in the family Heteromyidae and six species in the family Muridae, were captured on the Chaparral Wildlife Management Area in July 1999 and tested for evidence of arenavirus infection. The heteromyid rodents included 32 hispid pocket mice (Chaetodipus hispidus), three Ord's kangaroo rats (Dipodomys ordii), and 62 Merriam's pocket mice (Perognathus merriami). The murid rodents were one northern pygmy mouse (Baiomys taylori), 33 southern plains woodrats, three northern grasshopper mice (Onychomys leucogaster), 13 white-footed mice (Peromyscus leucopus), one fulvous harvest mouse (Reithrodontomys fulvescens), and 60 hispid cotton rats (Sigmodon hispidus).
Antibody against WWA virus was found in seven (21.9%) of 32 woodrats and none of 168 other rodents. Infectious arenavirus was isolated from five (15.2%) of 33 woodrats and none of 175 other rodents ( Table 1) . The virus-positive specimens included the spleen and kidney of one antibodynegative animal (antibody titer < 320), the spleens and kidneys of two animals with low-titered antibody (titers ‫ס‬ 320), and the kidneys of two animals with high-titered antibody (titers Ն 5,120) ( Table 2) .
Five viral isolates (one from each virus-positive woodrat) were selected for genetic characterization. The genetic distances between the five isolates ranged from 0.002 to 0.129 (Table 3 ). The most divergent strains (AV A0400135 and AV A0400212) differed by 58 of 518 nucleotides. The predicted amino acid sequences of the five isolates differed by 1-6 residues.
The genetic distances between the isolates from the two animals captured in the western region of the Area (trap site 11, strains AV A0400098 and AV A0400174) and the isolate from the animal captured in the eastern region of the Area (trap site 26, strain AV A0400212) ranged from 0.002 to 0.046. In contrast, the genetic distance between the isolates captured in the central region of the Area (trap sites 15 and 18 [strains AV A0400140 and AV A0400135, respectively]) was 0.127. Thus, there was no correlation between genetic sequence divergence and geographic distance between the locations at which the virus-positive animals were captured.
When compared with the homologous sequences of other arenaviruses, the five isolates from the woodrats exhibited the lowest level of genetic sequence divergence with (in the following order) the WWA virus prototype strain AV 9310135 (genetic distance ‫ס‬ 0.245-0.253), the four other WWA virus strains included in the analysis (0.243-0.318), TAM virus (0.345-0.390), Pichindé, Pirital, Parana, and Flexal viruses (0.527-0.635), Tacaribe, Guanarito, Amapari, Machupo, Junin, and Sabiá viruses (0.644-0.723), and lymphocytic choriomeningitis and Lassa viruses (0.752-0.962).
The results of the neighbor-joining analysis of the genetic distance data (Figure 2 ) indicated that the five isolates from the woodrats represent a sublineage in the WWA virus lineage. The results of the maximum parsimony analysis of the nucleotide sequence data generated a single most parsimonious tree (phylogram not shown) that was virtually identical to the neighbor-joining phylogram. It was concluded that all five virus-positive woodrats were infected with WWA virus.
DISCUSSION
Previous studies established that woodrats (Neotoma species) are natural hosts of WWA virus in the southwestern United States. 5, 6 The results of the present study indicate that the southern plains woodrat is a principal host and perhaps the only rodent host of WWA virus in southern Texas.
In the present study, WWA virus was isolated from the spleen and kidney of one antibody-negative animal, spleens and kidneys of two animals with low-titered antibody, kidneys but not spleens of two animals with high-titered antibody, and neither spleens nor kidneys of three other animals with hightitered antibody (Table 2 ). These data suggest that WWA virus persists in the kidney after it is cleared from the spleen or that the titer of infectious virus in the kidney is substantially higher than that in the spleen during the chronic (i.e., antibody-positive) phase of infection. These data also suggest that the ability to isolate infectious virus from the spleen is negatively (but not necessarily causally) associated with antibody titer. Whether the ability to isolate virus from the kidney is associated with antibody titer was not determined because there was insufficient blood from the animals with hightitered antibody to measure endpoint antibody titers.
In the only laboratory study on the pathogenesis of WWA viral infection in woodrats, white-throated woodrats inoculated with the WWA virus prototype strain AV 9310135 developed brief systemic infections (as measured by recovery of infectious virus from brain, lung, spleen, and kidney), hightitered antibody against the virus by day 30 post-inoculation, and (at least in the animals inoculated at age one day) persistent infections in their kidneys. 8 The results of the present study suggest that WWA viral infections in naturally infected southern plains woodrats are very similar to the same in experimentally infected white-throated woodrats.
Previous studies on WWA, Lassa, Junin, and Guanarito viruses revealed extensive genetic diversity (up to 27% at the nucleotide level) among strains of each virus when the strains were representative of a large geographic region. 5, [13] [14] [15] For example, the nucleotide sequences of a fragment of the 5Ј half of the NP gene of WWA virus strain AV 96010025 from a bushy-tailed woodrat in Utah and strain AV A0400174 from a southern plains woodrat in southern Texas were 25.3% different. The present work provides the first evidence for extensive genetic diversity among contemporary strains of the same virus isolated from conspecific rodents captured in the same microhabitat. Further study is needed to assess whether other regions of the WWA virus genome (e.g., the glycoprotein precursor gene) are more or less diverse than the 5Ј half of the NP gene and whether sympatric genetic variants of WWA virus are phenotypically (i.e., biologically) different from each other.
The co-occurrence of multiple variants of WWA virus on the Chaparral Wildlife Management Area may be a consequence of a commingling of allopatric N. micropus populations, each infected with a unique form of WWA virus. Alternatively, the different forms of the virus may be descended from a common ancestral virus that was established on the Area at some time in the past.
The dominant feature of the arenaviruses is their ability to establish chronic infections in their respective principal rodent hosts. 4 Evolution of WWA virus within a woodrat may be an effective means to evade the host's immune response and thus perpetuate the infection. Prospective studies of naturally infected woodrats are needed to assess the contribution of within-rodent viral variation to the present-day diversity of WWA virus on the Chaparral Wildlife Management Area.
